Abstract. Liver cancer is one of the most common types of cancer among human malignancies. Four and a half LIM domains 1 (FHL1), as a tumor suppressor gene, is frequently downregulated in multiple types of human cancer. However, the role and specific mechanisms of FHL1 as a tumor suppressor in liver cancer are poorly understood. The present
Introduction
Primary liver cancer is one of the most frequently occurring malignancies worldwide, and therefore a major public health challenge (1) . The development of liver cancer is a complex, multistep process that is derived from a series of genetic and epigenetic alternations. The inactivation of tumor suppressor genes as a result of aberrant DNA methylation and histone modification is a characteristic step in tumor development and progression (2) . Furthermore, the downregulation of the epigenetic regulator led to epigenetic alternations and contributed to abnormal inactivation of tumor suppressor genes in numerous types of human cancer (3, 4) . Accordingly, improved understanding the molecular basis of liver cancer may enhance the development of novel strategies to improve the treatment of liver cancer.
The four and a half LIM domains (FHL) family has an important role in regulating cell proliferation, differentiation and apoptosis, and the member FHL1, located on human chromosome Xq26, functions in skeletal and cardiac muscle growth (5, 6) . Numerous studies of clinical samples have shown that FHL1 expression was downregulated in multiple types of malignancy, including lung (7), gastric (8, 9) , breast, kidney and prostate cancers (10) . Notably, FHL1 as tumor suppressor gene on chromosome X has a high risk to be affected as a single hit of genetic and/or epigenetic abnormality on only one active allele could lead to complete inactivation of FHL1 (11) . FHL1 exerts a tumor suppressor effect via multiple mechanisms, including the activation of the transforming growth factor-β-like and mitogen-activated protein kinase signaling pathways and protein interaction with zonula occludens-1, hypoxia-inducible factor 1-α and estrogen receptor α (7, 9, 12, 13) . However, the role of FHL1 in liver cancer has not been revealed and the mechanisms associated with FHL1 downregulation remain unknown.
Enhancer of zeste homolog 2 (EZH2) is a frequently elevated epigenetic regulator as the catalytic subunit of polycomb repressive complex 2 (PRC2) in multiple types of human cancer (14) (15) (16) . As a histone methyltransferase, EZH2 specifically catalyzes histone H3 lysine 27 tri-methylation (H3K27me3), a repressive histone modification, to epigenetically control gene transcription (17) . EZH2 serves an oncogenic role in different types of human cancer, primarily through the epigenetic silencing of tumor suppressor genes: For example, EZH2-mediated trimethylation of histone H3 at lysine 27 (H3K27me3) epigenetically silenced chromodomain helicase DNA binding protein 5, which serves as a tumor suppressor in HCC cells (18) . Overexpression of EZH2 may lead to hypermethylation of p16 INK4a promoter, followed by a decreased expression of p16 INK4a in the multi-step cholangiocarcinogenesis (19) . To address the mechanism of FHL1 downregulation during HCC genesis, the present study investigated the epigenetic dysregulation and related effects of FHL1. The data demonstrated that FHL1 was synergistically silenced by DNA methylation and histone modification, and revealed the epigenetically regulatory mechanisms by which FHL1 was inactivated during hepatocarcinogenesis.
Materials and methods
Cell lines and tissue specimens. The human HCC-derived MHCC-97L and Hep3B, human liver LO-2 and HepG2, which was re-identified as a human hepatoblastoma cell line (20) , cell lines were obtained from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). All cells were cultured routinely in Dulbecco's modified Eagle's medium (DMEM) supplemented with heat-inactivated fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), penicillin (100 U/ml) and streptomycin (100 µg/ml) at 37˚C in a 5% CO 2 -humidified chamber for 24 h. The tissue samples used in the present study were obtained from the First Affiliated Hospital of Soochow University (Suzhou, China). All experimental protocols were approved by Soochow University Ethics Committee (Suzhou, China) and all patients provided written informed consent.
Reverse transcription quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from the Hep3B, HepG2 cells and liver cancer tissues using TRIzol reagent (Thermo Fisher Scientific, Inc.) and reverse transcribed using a Superscript III kit (Thermo Fisher Scientific, Inc.). RT-qPCR was performed using an SYBR-Green qPCR Master mix (Thermo Fisher Scientific, Inc.). An initial denaturation was performed for 5 min at 94˚C, and 35 cycles were performed with the following PCR program: Denaturation at 94˚C for 30 sec, annealing at 55˚C for 30 sec for FHL1 and 55˚C for 30 sec for β-actin and elongation at 72˚C for 30 sec. The upstream and downstream FHL1 primers were 5'-ACA ATC CTG GCA CGA CTA-3' and 5'-AAA ATG GGA GAA AAG ACG-3' , respectively. Housekeeping gene β-actin was used as reference gene, its upstream and downstream primers were 5'-TCA CCA ACT GGG ACG ACA-3' and 5'-TGC AAA GAA CAC GGC TAA-3'. Gene expression levels were normalized to β-actin, and the fold change of target genes was calculated using 2 -ΔΔCq (21 Adenovirus preparation. The recombinant adenovirus carrying FHL1 (pAd-FLH1) or green fluorescent protein (GFP) was generated using Ad-Easy system according to the manufacturer's protocol (Stratagene; Agilent Technologies, Inc., Santa Clara, CA, USA). For packaging of the adenoviruses expressing FHL1 or GFP, pAd-FHL1 and pAd-GFP was transfected into AD293 cells using Lipofectamine 2000 ® reagent (Thermo Fisher Scientific Inc.). The adenoviruses were amplified in AD293, purified, titrated and stored at -80˚C until use.
Bisulfite sequencing. Genomic DNA was isolated using DNeasy Tissue kit (Qiagen, Inc., Valencia, CA, USA), and bisulfite modification was performed with the EpiTect Bisulfite kit (Qiagen, Inc.) according to the manufacturer's protocol. CpG enrichment region of the FHL1 promoter was analyzed by Cpgplot (http://www.ebi.ac.uk/Tools/seqstats/emboss_cpgplot/). The PCR products were cloned into pMD 18-T vector (Takara Bio, Inc., Otsu, Japan), and 8 clones were randomly selected for each specimen DNA sequencing.
Chromatin immunoprecipitation (ChIP) assay. A ChIP assay was performed using an EZ ChIP kit (EMD Millipore, Billerica, MA, USA) according to the manufacturer's protocol, with slight modifications. The Hep3B and HepG2 cells were cross-linked in 1% formaldehyde and quenched with the addition of 125 mM glycine. Subsequent to washing twice in ice-cold PBS containing a protease inhibitor cocktail, the cell lysates were harvested in ChIP lysis buffer [50 mM HEPEs (pH 7.5), 1 mM EDTA (pH 8.0), 150 mM sodium chloride, 0.1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100 and complete phenylmethylsulfonyl fluoride]. Subsequently, chromatin was sheared to fragments of 300-500 bp by sonication 9 times for 10-20 sec at 80% setting using VibraCell Sonicator (Sonics & Materials, Newtown, CT, USA) at a frequency of 20 kHz. The lysates were pre-cleared with Salmon Sperm DNA/Protein G Agarose (Roche Diagnostics) for 2 h. Samples were centrifuged at 12,000 x g for 15 min at 4˚C, and then the supernatant was used for immunoprecipitation at 4˚C overnight with 5 µg anti-H3K27me3 (cat. no. 9733S; 1:50 dilution) or anti-mouse IgG (cat. no. 5415; 1:50 dilution; both from Cell Signaling Technology, Inc.) as a negative control. Immunoprecipitated crosslinking DNA fragments were reversed by pronase and subsequently incubated at 42˚C for 2 h and 68˚C for 8 h. The FHL1 promoter DNA in the immunoprecipitates was detected by qPCR using the following primers: Forward, 5'-ACC GAG TGA GAA AAG CCA AT-3' and reverse, 5'-TCA CCA TTG GCA ACC ACT GAT-3'. The FHL1 signals were normalized to GAPDH (forward, 5'-TAC TAG CGG TTT TAC GGG CG-3' and reverse, 5'-TCG AAC AGG AGG AGC AGA GAG CGA-3') using the 2 -ΔΔCq method (21) to determine whether the immunoprecipitate was enriched. qPCR protocol and reactions were performed according to the protocol of the EZ-ChIP Kit (EMD Millipore). Specifically, 25 µl PCR reaction system including 2 µl of immunoprecipitate samples, 12.5 µl SYBR-Green Master mix, 1 µl of primer mix and 9.5 µl ddH 2 O. Two-step qPCR parameters were set as follows: Initial denaturation at 94˚C for 10 min, then denaturation at 94˚C for 20 sec, then two-step annealing/extension for 1 min at 60˚C.
In vitro epigenetic drug treatment. The 3-deanzaneplanocin A (DZNep; Cayman Chemical Company, Ann Arbor, MI, USA) was dissolved in dimethyl sulfoxide (DMSO) and 5-Aza-2' deoxycytidine (5-Aza-dC; Sigma-Aldrich; Merck KGaA) was dissolved in 50% acetic acid. Trichostatin A (TSA; Sigma-Aldrich; Merck KGaA) was dissolved in ethanol. The solvents (DMSO, acetic acid, and ethanol) were used as controls in the corresponding treatment. For the DZNep treatment, DZNep (10 µM) was added to the culture medium for 48 or 72 h. For the 5-Aza-dC treatment, 5-Aza-dC (10 µM) was replenished daily for 72 h. For the TSA treatment, TSA (0.25 µg/ml) was only added to the cells in the last 24 h of the experiment.
Colony formation assay. A total of 5x10
4 Hep3B cells were cultured in DMEM media supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), penicillin (100 U/ml) and streptomycin (100 µg/ml) at 37˚C in a 5% CO 2 -humidified chamber in 10 cm dishes in triplicate. A total of 3 weeks later, the anchorage-dependent colonies were washed twice with PBS and stained with crystal violet (0.5% w/v).
Transwell migration assay. In total, 1x10 5 Hep3B cells were seeded in triplicate Boyden chambers with an 8 µm-pore sized membrane in the top chamber (BD Biosciences, Franklin Lakes, NJ, USA) in serum-free DMEM media (Thermo Fisher Scientific, Inc.). Media containing 10% FBS (Thermo Fisher Scientific, Inc.) was used in the bottom chambers. Subsequent to 48 h incubation, the cells in the upper chamber were wiped, and the migrated cells on the lower surface of the membrane were fixed, stained with 0.1% crystal violet and photographed using a light microscope (magnification, x20).
Statistical analysis. The differences between two groups in gene expression, colony number and migrated cell number were evaluated using Student's t-test. The statistical significance of differences in multiple groups was determined by analysis of variance with Bonferroni test. Data in histograms was shown as the mean ± standard deviation from 3 independent replicates. The comparison of the methylated CpG percentage between tumor and non-cancerous specimens was performed by χ 2 test. All statistical analyses were conducted using GraphPad Prism software 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

FHL1 expression was frequently downregulated in patients
with liver cancer. The present study examined the expression of FHL1 mRNA in a cohort of 49 paired specimens from liver cancer patients RT-qPCR. The data showed that the FHL1 mRNA level significantly decreased in tumor tissue compared with the matched non-cancerous tissues of patients with liver cancer (P<0.001; Fig. 1A ). Of the 49 paired liver cancer specimens examined, 42 (85.7%) exhibited at least a 2-fold downregulation of FHL1 expression compared with that of the matched non-cancerous liver tissue (Table I) , and 8 exhibited a marked difference between tumor and matched non-cancerous tissue, as confirmed by qPCR (Fig. 1B) . In addition, the present study analyzed the association between FHL1 expression and clinical factors. However, FHL1 downregulation was not significantly associated with the sex, age, hepatitis B virus, tumor size, metastasis and Edmondson-Steiner grading system (22) . The results of western blotting showed that FHL1 exhibited less expression in three liver cancer cell lines, consisting of MHCC-97L, Hep3B and HepG2, one of the most popular hepatoblastoma cell lines (20) , than the immortal liver LO2 and WRL68 cell lines. These data showed that FHL1 was downregulated in human liver cancer, which is consistent with the observations of previous studies (12) .
FHL1 expression was synergistically by DNA methylation and histone modification.
Since DNA methylation and histone modifications are closely associated with respect to establishing a less permissive chromatin status to suppress gene transcription, the present study sought to reveal the combined effect of different epigenetic machineries associated with FHL1 downregulation in liver cancer. Two types of liver cancer cell lines were used, consisting of the hepatocellular carcinoma-derived Hep3B cell line and the hepatoblastoma-derived HepG2 cell line, to investigate the epigenetic effects on FHL1. The two cell lines were treated with DZNep, a small molecular EZH2 inhibitor, and 5-Aza-dC and Trichostatin A TSA, well characterized DNA methylation and histone acetylation inhibitors. As expected, the individual or combined treatments significantly led to increased FHL1 expression (P<0.05). While treatment of DZNep, 5-Aza-dC and TSA individually elevated expression FHL1, combined treatment of the 3 drugs synergistically restored FHL1 expression in Hep3B cells (Fig. 2A) . Additionally, only TSA treatment alone did not restore FHL1 expression and the co-treatment did not induce a further increase in FHL1 expression compared with 5-Aza-dC alone in HepG2 cells (Fig. 2B) , suggesting that DNA methylation and histone methylation have a crucial epigenetic role in mediating FHL1 downregulation.
EZH2 knockdown restored FHL1 expression.
The present study hypothesized that aberrant histone methylation may contribute to FHL1 silencing in HCC cell lines. To investigate whether FHL1 expression could be restored subsequent to the knockdown of EZH2, 2 siRNAs against EZH2 were employed to silence endogenous EZH2 expression. FHL1 was transcriptionally induced in Hep3B (P<0.01; Fig. 3A ) and HepG2 cells (P<0.01; Fig. 3B ), indicating that EZH2-mediated H3K27me3 contributes to the suppression of FHL1 in Hep3B and HepG2 cells. As expected, EZH2 knockdown resulted in a reduction in the level of H3K27me3 (Fig. 3C) , and a ChIP assay was performed to assess the enrichment of transcriptional repressive histone modifications H3K27me3 on the FHL1 promoter in Hep3B and HepG2 cells (P<0.01; Fig. 3D ). The findings indicated that the epigenetic silencing of FHL1 by EZH2-mediated H3K27me3 is an important mechanism in human liver cancer.
Methylation of FHL1 promoter in liver cancer specimens.
To further assess the association between the FHL1 downregulation and the methylation status of the potential methylation positions of the FHL1 gene using CpG plot arithmetic. As a result, a typical CpG island (-668 to +234) was found within the promoter and exon of the FHL1 gene. A total of 2 DNA fragments located on the CpG island were amplified, and bisulfite sequencing was performed to analyze the methylation status in the 8 paired HCC specimens with FHL1 downregulation. The results indicated that the methylation level of the CpG island was significantly enriched in the 4 male HCC specimens compared with the matched non-tumorous liver tissue (P<0.001; Fig. 4) . However, no significant difference was identified between tumors and matched non-tumorous specimens in the 4 female patients (P=0.604; Fig. 4) . The data propose a hypothesis that other epigenetic mechanisms contribute to FHL1 deregulation in female patients with HCC.
Association between FHL1 and EZH2 expression in human liver cancer tissues. To determine the association between Table I . Association between clinicopathological characteristics and FHL1 expression in 49 HCC specimens. FHL1 and EZH2, the present study examined EZH2 mRNA expression in 49 paired tissue samples. The results showed that EZH2 was significantly upregulated in the aforementioned cohort of samples with FHL1 downregulation (Fig. 5A) . The present study then additionally analyzed the association between FHL1 downregulation and EZH2 upregulation, and failed to identify a significant association between the expression of the 2 genes (P=0.477; Fig. 5B) . Notably, an inverse correlation between FHL1 and EZH2 was observed in the samples of the female patients with HCC (P=0.009; Fig. 5C ), while this was not observed the samples from male patients (P=0.726; Fig. 5D ), suggesting the role of EZH2 upregulation in suppressing FHL1 expression in female patients with liver cancer.
FHL1 expression ---------------------------------------------
FHL1 inhibits cell proliferation and migration in vitro.
The present study then investigated the effect of FHL1 overexpression on HCC cell growth. For FHL1 overexpression, the recombinant adenovirus Ad-FHL1 tagged with GFP was transduced into Hep3B cells. After 3 days, FHL1 was overexpressed and almost 100% transduction efficiency was observed, as indicated by western blotting assay and GFP protein observation in Hep3B cells (Fig. 6A) . To reveal the role of FHL1, the present study also performed anchorage-dependent colony formation and migration assays. The results demonstrated that FHL1 overexpression and DZNep treatment significantly inhibited the level of cell colony formation of Hep3B compared to the Ad-GFP empty vector control (Fig. 6B) . Furthermore, the cell migration assay indicated that FHL1 overexpression or DZNep treatment significantly suppressed cell migration ability compared with the control cells (Fig. 6C) . These findings suggest that EZH2 is involved in suppressing FHL1.
Discussion
FHL1 has a tumor suppressive role in a number of types of human cancer (7) (8) (9) 12) . The findings of the present study reveal that EZH2 may act as a regulator of FHL1 expression in human liver cancer. FHL1 was identified as the first member of the fragile tumor suppressor gene on chromosome X, and is inactivated by DNA methylation (23) . Downregulation of FHL1 in tumor samples has been reported in breast (24) , gastric (8) and lung cancers (7) . A previous study revealed that EZH2 is a catalytic subunit of the epigenetic regulator PRC2, which trimethylates Lys27 of histone H3, leading to the silencing of target genes that are involved in numerous biological processes, including tumor progression (16) . Overexpression of EZH2 has been detected in a range of types of cancer, and is associated with tumor malignancy (14, 15) via the epigenetic silencing of tumor and metastasis suppressor genes (25, 26) . However, FHL1 downregulation was not significantly associated with clinicopathological characteristics of patients applied in the present study. With respect to the role of FHL1 in tumor initiation and progression, numerous studies concluded that FHL1 inhibits the growth of cancer cells, transforms fibroblasts and suppress the migration and invasion of bladder cancer cells (7, 12, 13, 27) . The data obtained in the present study is in line with previous reports, and demonstrates that FHL1 overexpression inhibits cell proliferation and migration in HCC cells.
Primary liver cancer comprises HCC, intrahepatic cholangiocarcinoma and other rare tumors, notably fibrolamellar carcinoma and hepatoblastoma (28) . At present, few studies have reported the expression level of FHL1 in ICC, fibrolamellar carcinoma and hepatoblastoma. The present study was also limited to HCC, due to rare incidence of other pathological types. However, the epigenetic regulations of FHL1 were investigated in the hepatoblastoma HepG2 cell line, which indicated that FHL1 was dysregulated by similar epigenetic mechanisms. In conclusion, the present study showed that DNA methylation and EZH2-induced H3K27me3 is associated with the epigenetic repression of the FHL1 tumor suppressor gene in HCC.
